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Active Tectonics of the Devils Mountain Fault and
Related Structures, Northern Puget Lowland and Eastern
Strait of Juan de Fuca Region, Pacific Northwest

By Samuel Y. Johnson, Shawn V. Dadisman, David C. Mosher,! Richard J. Blakely, and Jonathan R. Childs

Abstract

Information from marine high-resolution and conventional
seismic-reflection surveys, acromagnetic mapping, coastal expo-
sures of Pleistocene strata, and lithologic logs of water wells is
used to assess the active tectonics of the northern Puget Lowland
and eastern Strait of Juan de Fuca region of the Pacific North-
west. These data indicate that the Devils Mountain fault and the
newly recognized Strawberry Point and Utsalady Point faults are
active structures and represent potential earthquake sources.

The north-dipping (45°-75°) Devils Mountain fault extends
westward for more than 125 kilometers from the Cascade Range
foothills to Vancouver Island. The Devils Mountain tault is
bounded by northwest-trending en-echelon folds and faults, a
pattern that strongly suggests it is a left-lateral, oblique-slip,
transpressional “master fault.” Aeromagnetic anomalies coin-
cide with both the trace of the Devils Mountain fault and en-ech-
elon structures. Quaternary strata are deformed on nearly all
crossing seismic-reflection profiles, and onshore subsurface data
indicate offset of upper Pleistocene strata.

The west-northwest-trending, subvertical Strawberry Point
fault cuts across northern Whidbey Island and has a minimum
length of about 25 kilometers. On the west coast of Whidbey
Island and in the Strait of Juan de Fuca, the fault has south-side-
up offset and forms the northern boundary of an uplift of pre-
Tertiary basement rock. Exposures and subsurface logs of upper
Pleistocene strata from Strawberry Point on the east coast of
Whidbey Island indicate that the fault bifurcates into a 2-kilome-
ter-wide zone as it crosses Whidbey Island. Each of the four
fault splays within this zone has apparent north-side-up offset,
and upper Pleistocene strata between the faults exhibit consider-
able shortening (dips as steep as 45°). The vertical fault trace,
reversal of offset along strike, and evidence for associated con-
tractional deformation suggest that the Strawberry Point fault is
an oblique-slip, transpressional fault.

The northwest-trending, subvertical Utsalady Point fault
similarly cuts across northern Whidbey Island and has a mini-
mum length of 25 kilometers. It forms the southern margin of
the pre-Tertiary basement horst block on the west coast of
Whidbey Island, where it has north-side-up offset. Offshore
seismic-reflection data from east of Whidbey Island indicate
that it also bifurcates eastward into a broad (1.5 kilometer)
zone of several splays. Onshore outcrops and subsurface logs
from Camano Island indicate a probable reversal of offset (to
south side up) along the zone and display both faulting and
folding (dips as steep as 24°) in upper Pleistocene strata. As

'Geological Survey of Canada, P.0. Box 1006, Cartmouth, NS CANADA B2Y 4A2.

with the Strawberry Point fault, the vertical fault trace(s),
reversal of offset, and evidence for associated contractional
deformation suggest that the Utsalady Point fault is an oblique-
slip, transpressional fault.

Collectively, the Devils Mountain, Strawberry Point, and
Utsalady Point faults represent a complex, distributed, transpres-
sional deformation zone. The cumulative slip rate on three main
faults of this zone probably exceeds 0.5 millimeter/year and
could be much larger. This new information on fault location,
length, and slip rate should be incorporated in regional seismic
hazard assessments.

Introduction

Seismic hazard assessments depend on understanding the
locations, lengths, and slip rates of active faults. Obtaining this
information is difficult in the Puget Lowland of Washington
State, where most landforms were generated during the last gla-
ciation and are quite young (=12-20 ka), and vegetation covers
much of the landscape. As a result, the earthquake hazard posed
by many significant faults in this region is poorly understood.
Several potentially significant faults occur in the northern Puget
Lowland and eastern Strait of Juan de Fuca region (Gower and
others, 1985). These include the southern Whidbey Island fault,
the Devils Mountain fault, and associated structures (Gower and
others, 1985; Johnson and others, 1996).

Johnson and others (1996) integrated seismic-reflection
data, well logs, and information from outcrops to document
Quaternary deformation along the southern Whidbey Island
fault. Our purpose in this report is to present comparable new
geologic and geophysical information and synthesis that demon-
strate Quaternary activity on the Devils Mountain fault and two
newly defined structures. the Strawberry Point and Utsalady
Point faults. These faults are the major components of an
oblique-slip transpressional deformation zone that extends west-
ward for more than 125 kilometers from the Cascade Range
foothills across the eastern Strait of Juan de Fuca.
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Geologic Setting

Western Washington and southwestern British Columbia lie
within the structurally complex continental margin of the Pacific
Northwest (fig. 1). Oblique convergence of the Juan de Fuca
plate below North America (Engebretson and others, 1985),
along with larger-scale shearing of the Pacific Plate against
North America, provides the driving force for crustal faulting
and deformation. (See, for example, Wang, 1996; Wells and oth-
ers, 1998; Stanley and others, 1999.) The Washington Coast
Range and Olympic Mountains represent part of a forearc sliver
that is moving northward relative to the Cascade Range and is
buttressed to the north by pre-Tertiary basement in the San Juan
Islands and on Vancouver Island. The boundary between these
two terranes is apparently a distributed deformation zone that
extends through Washington’s Puget Lowland (Johnson and oth-
ers, 1996). The active Seattle fault (Bucknam and others, 1992;
Johnson and others, 1994, 1999; Nelson and others, 1999) and
southern Whidbey Island fault (Johnson and others, 1996) occur
within this distributed zone. Both the Seattle fault and the south-
ern Whidbey Island fault are associated with significant aero-
magnetic and gravity anomalies (for example, Finn and others,
1991; Blakely, Parsons, and others, 1999; Blakely, Wells, and
Weaver, 1999), marking the southern boundary of the Seattle
basin and the southwest boundary of the Everett basin (fig. 1),
respectively.

Johnson and others (1996) have described the southern
Whidbey Island fault (fig. 1) as a broad (6-11 km) transpres-
sional zone comprising three main splays, within which the local
late Quaternary uplift rate is at least 0.6 mm/yr. This zone repre-
sents part of the boundary of the forearc sliver, juxtaposing
Eocene marine basaltic basement on the south and southwest

with heterogeneous pre-Tertiary basement on the northeast. This
crustal boundary is buried in the Puget Lowland but is exposed
on southern Vancouver Island as the Leech River fault (fig. 1;
Muller, 1983; Clowes and others, 1987).

The Devils Mountain fault (Hobbs and Pecora, 1941;
Loveseth, 1975; Tabor, 1994) forms the northern boundary of the
Tertiary to Quaternary Everett basin (Johnson and others, 1996)
and is associated with an alignment of acromagnetic anomalies
that extend more than 100 km from the Cascade Range foothills
to Vancouver Island (figs. 2, 3). At its east end, the Devils
Mountain fault merges with the north-trending Darrington fault
zone (Tabor, 1994). In the Cascade Range foothills, the fault
forms a prominent =30-km-long topographic lineament aligned
with Lake Cavanaugh (fig. 4). Farther west, the Devils Moun-
tain fault trace extends through Quaternary deposits of the
Skagit River delta and Whidbey Island and into the eastern Strait
of Juan de Fuca. Based on interpretation of petroleum-industry
seismic-reflection data, Johnson and others (1996) suggested
that the fault continues its westerly trend across the strait (fig. 1).
Previously, Whetten and others (1988) and Tabor (1994) sug-
gested that to the west of Whidbey Island, the trace of the Devils
Mountain fault extends northwest into an exposed fault zone that
juxtaposes disparate pre-Tertiary rocks in the southern San Juan
Islands.

Loveseth (1975) suggested left-lateral slip on the Devils
Mountain fault based on its onland linearity, juxtaposition of
upper Eocene to lower Oligocene continental and marine strata,
and horizontal slickensides (Hobbs and Pecora, 1941) in the
fault zone. Whetten (1978) suggested as much as 60 km of left-
lateral slip. Tabor (1994) inferred that the Devils Mountain fault
was continuous with the north-trending Darrington fault zone to
the east (fig. 1) and suggested that pre-34 Ma right-lateral slip
was probable, based on fault fabric and offset rock units. Evans
and Ristow (1994), who also regarded the Devils Mountain and
Darrington faults as one continuous structure, argued for left-lat-
eral slip on the basis of orientations of folds in rocks straddling
the fault. Johnson and others (1996) noted that on seismic-
reflection data from the eastern Strait of Juan de Fuca, the Devils
Mountain fault is locally imaged as a north-dipping reverse fault.

Oligocene rocks are clearly deformed along the Devils
Mountain fault zone, but an upper age limit for faulting has not
yet been determined. Loveseth (1975) and Adair and others
(1989) did not report deformation in upper Pleistocene strata
along the fault in the Cascade Range foothills, but both noted the
youthful appearance of the topographic lineament coinciding
with the structure (fig. 4). Naugler and others (1996) first
reported Quaternary displacement on the Devils Mountain fault
on the basis of high-resolution seismic-reflection data from Lake
Cavanaugh (figs. 1, 4) that reveal both faulting and folding of
inferred upper Pleistocene to Holocene lacustrine sediments. In
a regional study of latest Pleistocene glaciomarine deposition,
Dethier and others (1995, their fig. 7) noted that the Devils
Mountain fault coincides with a significant (=10 m) inflection
point on a graph of the maximum altitude of glaciomarine drift.

South of the Devils Mountain fault, Gower and others
(1985) proposed the presence of another potentially active struc-
ture, the northern Whidbey Island fault, based on interpretation
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satellite navigation with an accuracy of £20 m was used to locate
profiles. CMP stacked data are four-fold and have a 4-m CMP
spacing.

Both USGS and G.S.C. data are typically of high quality in
the upper approximately 0.5-0.7 s and degrade significantly with
greater depth. On both the USGS and G.S.C. cruises (fig. 54, C),
higher frequency seismic-reflection data were collected concur-
rently with the airgun data. The USGS used a geopulse boomer
source and recorded data for 500 ms on a single-channel
streamer. The G.S.C. used a Huntec hydrosonde deep tow
boomer system and recorded data for 250 ms on a single “inter-
nal” hydrophone and a short external streamer trailing behind the
towed source. The quality of these higher frequency data is
highly variable due to local nonreflective and (or) gassy sub-bot-
tom sediments. Maximum penetration is about 150-200 ms
(120-160 m).

The U.S. Geological Survey, the Geological Survey of Can-
ada, and several academic institutions collaborated in 1998 on a
deeper multichannel seismic-reflection survey, ““Seismic Hazard
Investigation of Puget Sound” (SHIPS; Fisher and others, 1999),
that traversed the eastern Strait of Juan de Fuca (fig. 5B). These
data were collected using a 79.3-L (4,838 in.?) airgun array and
recorded on a 2.4-km-long, 96-channel streamer. To enhance the
shallow (<10 km) geologic section for the purposes of this
report, the near-offset 48 channels of these data were stacked
(24-fold, 12-m CMP) and velocity migrated. We also examined
several proprietary industry seismic-reflection data (3to 5's
records) profiles from the eastern Strait of Juan de Fuca (fig. 5B),
most of which were collected in the late 1960’s or early 1970’s
with airgun sources of various sizes, when the area was consid-
ered a frontier for petroleum exploration. Examples of these
industry data included in this report have been stacked but not
migrated.

Stratigraphy and Seismic Stratigraphy

Several distinct stratigraphic units occur onshore in this
portion of the northern Puget Lowland (fig. 6). Four different
units, distinguished on the basis of stratigraphic position and
seismic stratigraphic facies (for example, Sangree and Widmier,
1977; Stoker and others, 1997), are imaged on offshore seismic-
reflection data. These include pre-Tertiary basement rocks, Ter-
tiary sedimentary rocks, uppermost Pliocene(?) to Pleistocene
strata, and uppermost Pleistocene to Holocene strata.

Pre-Tertiary Basement Rocks

Pre-Tertiary bedrock consisting of the Jurassic Fidalgo
Complex, which includes ophiolite and tectonically mixed, vari-
ably metamorphosed, sedimentary, volcanic, and plutonic rock,
is exposed north of the Devils Mountain fault in the Skagit River
delta, on northern Whidbey Island and Fidalgo Island, and in the
San Juan Islands (Whetten and others, 1988; Tabor, 1994; fig. 2).
Ultramafic and mafic rocks of the Fidalgo ophiolite form notable
magnetic highs beneath the Skagit River delta, northernmost
Whidbey Island, Fidalgo Island, and the eastern San Juan Islands
(figs. 2, 3; Whetten and others, 1980). In contrast, Mesozoic

sedimentary rocks commonly form subdued aeromagnetic
anomalies, such as on southern San Juan Island and southwest-
ern Lopez Island (fig. 3). One small outcrop of pre-Tertiary
rocks is exposed south of the Devils Mountain fault on Whidbey
Island at Rocky Point (fig. 2). Pre-Tertiary bedrock, consisting
of the Mesozoic Leech River complex and Paleozoic to Meso-
zoic volcanic, plutonic, and metamorphic rocks, also underlies
southern Vancouver Island north of the Leech River fault (fig. 1;
Roddick and others, 1979). Pre-Tertiary rocks are generally non-
reflective and represent acoustic basement on seismic-reflection
profiles.

Tertiary Sedimentary Rocks

Tertiary sedimentary rocks crop out adjacent to the Devils
Mountain fault east of northern Whidbey Island within the
Skagit River delta and in the Cascade Range foothills (Whetten
and others, 1988; fig. 1). Units include the Eocene, nonmarine
Chuckanut Formation (Johnson, 1984a; Evans and Ristow,
1994) and the upper Eocene to lower Oligocene marine to mar-
ginal marine rocks of Bulson Creek (Marcus, 1980) (fig. 6).
These rocks are cut by numerous west- and northwest-trending
faults and are gently to steeply folded and locally overturned
(Whetten and others, 1988; Dragovich and others, 2000). On
industry seismic-reflection profiles, Tertiary strata are character-
ized by relatively continuous, high-amplitude, parallel to subpar-
allel, moderate frequency reflections and can thereby generally
be distinguished from nonreflective pre-Tertiary basement.

Uppermost Pliocene(?) to Pleistocene Strata

Onshore Stratigraphy

Uppermost Pliocene(?) to Pleistocene deposits of the Puget
Lowland comprise a stratigraphically complex basin fill of gla-
cial and interglacial deposits that are locally as thick as 1,100 m
(Yount and others, 1985; Jones, 1996). Easterbrook (1994a, b)
described six glacial drift units, three of which are exposed on
Whidbey Island (fig. 6). In the northern Puget Lowland, glacial
drift typically consists of till, outwash, and glaciomarine depos-
its. Interglacial deposits are typically fluvial and deltaic, includ-
ing peat.

The Double Bluff Drift is the oldest Pleistocene unit recog-
nized on Whidbey Island (Easterbrook, 1968, 1994b). It does
not crop out on the northern Whidbey Island area of this investi-
gation, where it is inferred to occur below sea level on the basis
of stratigraphic correlation diagrams derived from water-well
logs. Deposition of the Double Bluff Drift is thought to have
occurred between about 250 and 130 ka (Blunt and others, 1987;
Easterbrook, 1994b) and probably coincides approximately with
marine isotope stage 6 (for example, Shackleton and others,
1983; McManus and others, 1994; Kukla and others, 1997).

The interglacial alluvial- and delta-plain deposits of the
Whidbey Formation (Easterbrook and others, 1967; Easter-
brook, 1968, 1969; Heusser and Heusser, 1981) overlie the
Double Bluff Drift on Whidbey Island. The Whidbey Forma-
tion is locally more than 60 m thick and is widespread in the
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Figure 6. Stratigraphy and age of geologic units occurring in northern
Whidbey Island area {figs. 1, 3). Ages for bedrock units based on
Johnson (1984a), Whetten and others {1988), and Rau and Johnson
(1999). Ages for Quaternary units based mainly on Blunt and others
(1987), Berger and Easterbrook (1993), Easterbrook (1994a, b), Porter and
Swanson (1998), and Troost (1999).

central and northern Puget Lowland (Easterbrook, 1968,
1994b). Amino-acid analyses of shells and wood at 13 locali-
ties suggest an age of 100+20 ka for the Whidbey Formation;
four thermoluminescence ages range from 102438 to 151443
ka (Blunt and others, 1987; Berger and Easterbrook, 1993).
These dates indicate a correlation with interglacial marine iso-
tope stage 5 (for example, Shackleton and others, 1983;
McManus and others, 1994; Kukla and others, 1997), and pol-
len data indicate internal climatic fluctuations occurred during
its deposition (Heusser and Heusser, 1981; T.A. Ager, written
commun., 2000). We therefore infer that the top of the Whid-
bey Formation (where it is not significantly eroded) has an age
corresponding to the end of this stage (and not the age of a
stage 5 substage), about 80 ka. Our investigations suggest that

the top of the Whidbey Formation can be recognized and
traced in the northern Whidbey Island area using water-well
logs (see “Evidence for Faulting Onshore, Whidbey and
Camano Islands™), and therefore provides a potential marker
for estimating both amounts and rates of recent deformation.

The Possession Drift discontinuously overlies the Whid-
bey Formation (fig. 6). At its type locality on southern Whid-
bey Island, it thins laterally through a distance of about 400 m
from a thickness of 25 m to an unconformity between the
Whidbey Formation and younger sediments (Easterbrook,
1968). Stratigraphic correlation diagrams from northern Whid-
bey Island based on water-well logs (see “Evidence for Fault-
ing Onshore, Whidbey and Camano Islands™) suggest a
similarly variable occurrence and thickness for this unit.
Radiocarbon dates from the Possession Drift yield infinite ages
(>=45,000 *C yr B.P.); amino acid analyses of marine shells in
Possession Drift at several localities suggest an age of about
90-75 ka (Blunt and others, 1987). Based on these ages and
those from underlying and overlying strata, the Possession
Drift appears correlative with marine isotope stage 4 (for
example, Shackleton and others, 1983; McManus and others,
1994) and was probably deposited between about 80 and 60 ka.

The informally named nonglacial alluvial and deltaic
Olympia beds locally overlie Possession Drift or older deposits
in the central and northern Puget Lowland (fig. 6). Outcrop
and water-well data (see “Evidence for Faulting Onshore,
Whidbey and Camano Islands”) indicate that these strata have
variable thickness (as much as =25 m) and are locally absent on
northern Whidbey Island. To the northeast in the Swinomish
Island—Skagit River delta area, Dragovich and Grisamer (1998)
and Dragovich and others (1998) suggested that Olympia beds
are as thick as 50 m based on interpretations of subsurface data.
Olympia beds were probably deposited between about 60 and
17 ka (Fulton and others, 1976; Blunt and others, 1987,
Clague, 1994: Easterbrook, 1994b; Porter and Swanson, 1998;
Troost, 1999). Hansen and Easterbrook (1974) and Easter-
brook (1976) described a thin sequence of inferred glacial
deposits within the Olympia beds at Strawberry Point (fig. 2),
which they considered evidence for the ~34,000-40,000 “C yr
B.P. “Oak Harbor stade of the Possession glaciation.” Fulton
and others (1976) and Clague (1978) argued, however, that an
ice advance at this time was unlikely because of a lack of evi-
dence to the north in southern British Columbia for correlative
ice occupation.

Strata associated with the Fraser glaciation on northern
Whidbey Island include advance outwash of the Esperance
Sand Member of the Vashon Drift, the main body of the Vas-
hon Drift, and recessional deposits of the Everson Drift (East-
erbrook, 1968). These units have variable thickness but
collectively are commonly 50-100 m thick or more. Radiocar-
bon dating suggests that this stratigraphic “package” in the
northern Whidbey Island area was deposited between about
17,000 and 12,000 “C yr B.P. (Easterbrook, 1968, 1969; Blunt
and others, 1987; Dethier and others, 1995; Porter and Swan-
son, 1998). Hicock and Armstrong (1981) presented evidence
for a =21,000 “C yr B.P. pre-Vashon, early Fraser till-bearing
unit (Coquitlam Drift) to the north in southern British
Columbia, but ice from this early Fraser stade apparently did
not reach the northern Whidbey Island area.
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also numbered on the profiles so that text and figures can be
easily compared. This numbering scheme is specific to each
profile; faults with the same number on different profiles are
generally not the same structure.

Aeromagnetic profiles parallel to seismic-reflection track-
lines are also shown in figures 8-26. For practical purposes,
these profiles have a relatively compressed vertical scale. Thus,
they highlight only the largest anomalies; lower amplitude
anomalies are more clearly displayed in the figure 3 map.

Seismic-reflection and acromagnetic data (figs. 3, 5, 8-26)
were used together to map the faults and folds across the eastern
Strait of Juan de Fuca region shown in figure 2. However, not
every structure in figure 2 is shown on every crossing seismic-
reflection profile displayed in figures 8-26. All of the structures
shown in figure 2 are inferred to cut or warp pre-Tertiary or Ter-
tiary “basement,” but many do not obviously deform Quaternary
deposits. In some cases, these older structures are deeper than
the level imaged by shallower high-resolution seismic-reflection
profiles (fig. 5A, C), and mapping their trends is based entirely
on deeper industry data (fig. 5B). Conversely, in places the
deeper industry data lack the resolution to image structures in
the upper 1 km, and mapping of faults and folds is based mostly
on the shallower high-resolution profiles.

U.S. Geological Survey Line 176

Line 176 (fig. 8) trends northwest and extends through
Skagit Bay on the east side of northern Whidbey Island (fig.
5A). On this profile, the combination of shallow water (<50 m),
shallow pre-Tertiary basement (inferred from nearby outcrops),
and proximity to land has resulted in a seismic record with
numerous water-bottom multiples, reverberations, and diffrac-
tions. Despite this “noise,” numerous faults can be identified on
the profile on the basis of truncated and warped reflections, and
Juxtaposition of panels with disparate seismic facies. Among
these faults, the Devils Mountain fault zone is identified based
on extension of bedrock faults mapped onland by Whetten and
others (1988) 1-2 km east of the profile. The Devils Mountain
fault is imaged as a 2-km-wide zone of four subvertical struc-
tures. The juxtaposition of disparate seismic facies is largest
along the southern fault (6) in the Devils Mountain zone, which
correlates with an aeromagnetic low (figs. 3, 84) and is inferred
to be the main splay. Both this structure and the fault immedi-
ately to the north (7) truncate reflections in the Quaternary sec-
tion within about 20-30 m (20-30 ms) of the seafloor. At least
three other faults are imaged north of the Devils Mountain zone
(10, 11, 12), cutting an aeromagnetic high formed by rocks of
the Fidalgo ophiolite (Whetten and others, 1988). Of these,
only the northernmost fault (12) appears to offset the Quater-
nary section.

South of the Devils Mountain fault zone, a variably thick
(100-250 m; 110-275 ms) uppermost Pliocene(?) to Pleistocene
section overlies nonreflective pre-Quaternary strata and is over-
lain by a relatively thin (<135 m; 150 ms) uppermost Pleistocene
to Holocene (postglacial) section that is largely obscured by
water-bottom multiples. At least one fault (5) that extends up
into the lower part of the uppermost Pliocene(?) to Pleistocene

section occurs in the Everett basin between the Devils Mountain
zone and a zone of faults offshore of Strawberry Point.

The structural zone offshore from Strawberry Point con-
sists of at least four subvertical faults (1, 2, 3, 4) that span a
distance of 3 km along Line 176, about 2 km perpendicular to
the inferred strike of the zone (fig. 2). Although water-bottom
multiples are prominent in the upper part of the record in this
zone, all four structures appear to propagate upward into the
Quaternary section and within about 45-90 m (50~100 ms) of
the seafloor. Fault 1 juxtaposes discontinuous, moderate-
amplitude, warped reflections (on the southeast) and a largely
nonreflective domain, probably cored by uplifted bedrock, to
the northeast. Faults 2 and 3 truncate low-amplitude reflec-
tions, most obvious between =300 and 400 ms. Fault 4 juxta-
poses disparate domains of subhorizontal reflections. Overall,
uplift of basement rock within and north of the fault zone is
suggested by the juxtaposition across fault 1 of relatively non-
reflective material to the north and more reflective material to
the southeast. No obvious aeromagnetic anomaly is associ-
ated with this fault zone along the profile (figs. 3, 84).

U.S. Geological Survey Line 177

Line 177 (fig. 9) trends northeast and extends through
Saratoga Passage between eastern Whidbey Island and northern
Camano Island (fig. 54). On this line, a 2.3 km-wide fault zone
(2 km normal to the inferred fault trend; fig. 2) lies offshore
from Utsalady Point. This zone comprises five faults (1 to 5),
all of which extend upward into at least the lower part of the
Quaternary section. The faults warp, tilt, and truncate reflec-
tions, but vertical offset does not appear to be significant across
individual faults within the zone or across the fault zone as a
whole. Northeast and southwest of this zone, subhorizontal to
locally hummocky reflections characterize the Quaternary strata
of the Everett basin. Southwest of the zone, significant ero-
sional relief occurs at the base of the inferred postglacial upper-
most Pleistocene to Holocene section. The fault zone occurs
along the southwest margin of a gentle aeromagnetic high (figs.
3, 9A).

U.S. Geological Survey Line 167-168

Line 167-168 (figs. 10, 11, 12) trends north and extends
from the eastern Strait of Juan de Fuca into southern Rosario
Strait, from about I to 5 km west of Whidbey Island (fig. 5A).
On the airgun profile (fig. 10), the Devils Mountain fault is
imaged as a zone of three structures (faults 4, 5, and 6) about
1.5 km wide that correlate with a gentle acromagnetic high (figs.
3, 10A). The northernmost structure (6) is subvertical and is
inferred to offset the Tertiary-Quaternary contact about 100—120
m (110-130 ms). This fault juxtaposes a panel of gently south
dipping, moderate-amplitude continuous reflections on the
north and more discontinuous, variable-amplitude, higher fre-
quency reflections on the south. The fault is overlain by a break
in slope in the seafloor, and higher resolution geopulse data (fig.
11) show a contrast in the reflectivity of postglacial (uppermost
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Pleistocene to Holocene) sediments coinciding with this break.
This contrast indicates juxtaposition of sediments with different
physical properties, such as grain size, bedding, and (or) gas-
filled porosity (Hovland and Judd, 1988; Fader, 1997). Thus, the
fault may project to the surface. The geometry of the break in
slope (south side up) is opposite to the inferred sense of vertical
slip on the fault at depth, suggesting a possible reversal of slip.
Alternatively, uplift could have exposed more erodible sedi-
ments on the uplifted northern block, leading to topographic
inversion.

The two southern faults in the Devils Mountain fault zone
on this profile (4, 5) are subvertical, truncate subhorizontal Qua-
ternary reflections, juxtapose domains of different reflection
properties, and propagate upward into at least the lower part of
the postglacial uppermost Pleistocene to Holocene section. The
amount of vertical separation on the base of the Quaternary
across these two structures appears minimal. The juxtaposition
of different seismic facies with relatively small vertical offset on
both these faults and on fault 4 to the north suggests out-of-
plane (strike-slip) movement on these structures.

Two kilometers north of the Devils Mountain fault zone,
another steep north-dipping fault (7) truncates reflections on the
south-dipping limb of a gentle anticline. The fault appears to
project into the lowest part of the uppermost Pliocene(?) to
Pleistocene section, and Quaternary strata on the south-dipping
limb of the anticline dip south and thin toward the fold axis, indi-
cating deposition during fold growth. The north limb of the fold
is also cut by a steep fault (8) that does not appear to extend into
the inferred Quaternary section. Northwest-trending structures
that occur north of fault 8 in Rosario Strait (fig. 3) mainly affect
basement rocks and are not clearly imaged on line 167-168 (fig.
10). The locations of these structures are based on industry data,
including profiles collected by Puget Power (1979).

Three faults (1, 2, and 3) occur south of the Devils Moun-
tain fault zone. Based on their westerly traces determined from
seismic-reflection data farther west (figs. 10, 12, 13, 14, 15) and
on the pattern of acromagnetic anomalies (fig. 3), these struc-
tures are correlated and inferred to be continuous with the faults
on the east side of Whidbey Island offshore of Strawberry Point
and Utsalady Point (figs. 8, 9), locations for which these faults
are here named. The subvertical Strawberry Point fault (3) jux-
taposes north-dipping to subhorizontal reflections representing
Tertiary and Quaternary strata on the north (largely obscured by
multiples) and seismically opaque, uplifted basement rocks and
a thin overlying sedimentary section including a small (= 850 m
wide) postglacial basin on the south. The uppermost Pliocene(?)
to Pleistocene section north of and adjacent to the fault dips
north about 10°, and vertical separation on the base of this unit
across the fault is inferred to be about 80 m (=90 ms). The com-
panion geopulse profile (fig. 12) shows disrupted reflections in
the upper =10 ms along the fault, but the underlying record is
nonreflective.

The subvertical Utsalady Point fault forms the southern
margin of the uplift bounded on the north by the Strawberry
Point fault and is imaged by at least two splays (1 and 2; fig.
10). The northern splay (within the uplift, fault 2) warps and
truncates reflections, juxtaposing reflective and nonreflective
zones. The southern splay juxtaposes the uplifted block and

subhorizontal reflections in the Everett basin to the south. The
faults project upward into at least the lower part of the upper-
most Pliocene(?) to Pleistocene section, and vertical offset on
the base of this unit across these two splays is about 200-225 m
(220-250 ms). The companion geopulse profile (fig. 12) shows
these two faults truncating reflections in the inferred uppermost
Pleistocene to Holocene section to within 5—-10 m of the sea-
floor. Between the Strawberry Point and Utsalady Point faults,
the geopulse profile (fig. 12) also displays another subvertical
fault that cuts and warps reflections within both the upper-
most Pliocene(?) to Pleistocene and the postglacial uppermost
Pleistocene to Holocene sections, to within about 15 m of the
seafloor.

The shallow basement between the Strawberry Point and
Utsalady Point faults is inferred to consist of pre-Tertiary sedi-
mentary basement rock because of its nonreflective character
and because pre-Tertiary sedimentary rock is exposed 1 km to
the east at Rocky Point on the west coast of Whidbey Island (fig.
2). The Rocky Point exposures of these basement rocks have
surprisingly low bulk magnetic susceptibility (see “Evidence for
Onshore Faulting, Whidbey and Camano Islands™) and form a
prominent aeromagnetic anomaly that extends eastward and pro-
vides an important constraint for projection of the Strawberry
Point and Utsalady Point faults across Whidbey Island.

U.S. Geological Survey Line 166

Line 166 (fig. 13) trends north and extends from the eastern
Strait of Juan de Fuca into southern Rosario Strait, about 6 km
west of Whidbey Island (fig. 5A). On this profile, the Devils
Mountain fault is imaged as two splays ( 4 and 5 ) that dip
steeply (=60°-80°) to the north. The southern splay (4) trun-
cates south-dipping reflections within the uppermost Pliocene(?)
to Pleistocene section on the south limb of a hanging-wall anti-
cline, as well as nearly horizontal reflections in the Everett basin
to the south. The northern splay (5) truncates reflections within
the Tertiary section on the south-dipping limb of this fold, but
does not obviously break into the Quaternary section. Dips in
uppermost Pliocene(?) to Pleistocene beds on the south and
north flanks of this fold are about 11° and 7°, respectively.
There appears to be about 200-225 m (220-250 ms) of structural
relief on the base of the uppermost Pliocene(?) to Pleistocene
from the crest of the hanging-wall anticline across the fault zone
to the floor of the Everett basin. This inference and estimates of
offset on the Devils Mountain fault on this profile are speculative
because reflections in the Everett basin are partly obscured by
water-bottom multiples. These multiples also partly mask hum-
mocky reflections in the uppermost Pliocene(?) to Pleistocene
section south of the Devils Mountain fault, which either could be
depositional in origin (such as moraines) or could represent dis-
ruption by faulting or folding. A small aeromagnetic anomaly is
associated with the Devils Mountain fault on this profile (figs. 3,
13A).

Farther south, the Strawberry Point (3) and Utsalady Point
(2) faults are imaged as subvertical structures that bound a non-
reflective horst block and truncate moderate- to high-ampli-
tude, subparallel, continuous to discontinuous refiections in the
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Everett basin. This horst block coincides with an aeromagnetic
low (figs. 3. 13A) and is inferred to consist of pre-Tertiary
sedimentary rock overlain by a thin uppermost Pleistocene to
Holocene (postglacial) section. Juxtaposition of this horst
block and Everett basin Tertiary and Quaternary strata requires
significant uplift. This seismic profile suggests about 150-200
m (165-220 ms) of vertical separation on the base of the upper-
most Pliocene(?) to Pleistocene section across the Strawberry
Point fault, and about 250-300 m (275-330 ms) across the
Utsalady Point fault.

Industry Line 1

Industry Line 1 (fig. 14) is subparallel to U.S. Geological
Survey Line 166 (fig. 5A, B) and provides a slightly deeper view
of structure in this area. The Devils Mountain fault is not well
imaged, but it appears to juxtapose relatively nonreflective mate-
rial north of the fault and a section characterized by warped dis-
continuous reflections to the south (best seen at =0.7 s). As on
Line 166 (fig. 13), the Strawberry Point and Utsalady Point
faults appear as subvertical faults bounding a generally nonre-
flective uplift that correlates with an aecromagnetic low (fig.
14A). The uplift has relief above the seafloor and is onlapped or
draped by Quaternary strata, which are warped across the axis of
the uplift.

U.S. Geological Survey Line 165

Line 165 (fig. 15) trends west, extending partly across the
opening to Rosario Strait, between Lopez and Fidalgo Islands
(fig. 5A4). This line images a gentle asymmetric anticline with a
subvertical fault or faults along its axis, coinciding with a bathy-
metric rise and east-facing scarp on the seafloor. The fault prop-
agates upward into the lower part of the uppermost Pliocene(?)
to Pleistocene section, and these strata are involved in the fold-
ing. Because water-bottom multiples obscure much of the
uppermost part of the record, the amount of deformation in the
upper part of the Quaternary section is unclear.

U.S. Geological Survey Line 164

Line 164 (figs. 16, 17) trends north and extends from the
eastern Strait of Juan de Fuca into southern Rosario Strait (fig.
5A). On the airgun profile (fig. 16), the contact between the
inferred Tertiary and uppermost Pliocene(?) to Pleistocene sec-
tions is characterized by an upward decrease in frequency,
amplitude, and continuity of reflections. This contact is offset
about 45-60 m (50-65 ms) across the steeply (=70°-~75°) north-
dipping Devils Mountain fault (3), which correlates with a gen-
tle aecromagnetic high (figs. 3, 16A). The offset contact is most
clear where disparate seismic facies are juxtaposed between
about 100 and 300 ms. The companion higher frequency seis-
mic-reflection profile (fig. 17) similarly shows an abrupt vertical
termination of reflections at this location, extending up to within
10 m of the surface. This abrupt termination likely indicates a
significant contrast in the physical properties of the sediment,

such as grain size, stratification, or gas-filled porosity (Hovland
and Judd, 1988; Fader, 1997). The steep fault dips and the con-
trasts in reflection properties across the fault on both images is
consistent with out-of-plane (strike-slip) displacements.

Farther south on Line 164 (fig. 16), two faults are mapped
as the Strawberry Point (2) and Utsalady Point (1) faults. Both
structures are imaged as high-angle faults that truncate subhori-
zontal reflections, but only fault 1 appears to continue upward
into the lower part of the uppermost Pliocene(?) to Pleistocene
section. These faults are not recognized on seismic-reflection
profiles to the west (for example, figs. 18, 19, pl. 2), and their
more subtle seismic and aeromagnetic character (figs. 3, 16A)
provides an indication that they are dying out (fig. 2). South of
these faults, the inferred Tertiary section is warped into a gentle
anticline and syncline.

U.S. Geological Survey Line 162

Line 162 (figs. 18, 19) is a north-trending line south of
Lopez Island (fig. 5A4). The airgun line (fig. 18) shows three
faults (1, 2, 3) in a 1,200-m-wide zone representing the Devils
Mountain fault. The faults dip 60°-80° to the north in the upper
=~300-500 m. On reflections within the Quaternary section
across 1, structural relief amounts to about 150-200 m (160-220
ms), and we attribute the bathymetric relief (50-60 m) within the
fault zone to Quaternary uplift. All three faults extend upward
into the lower part of the inferred uppermost Pliocene(?) to
Pleistocene section. The southern strand (1) juxtaposes rela-
tively flat lying beds in the Everett basin and a panel of south-
dipping beds in the fault zone. The southerly dips extend
upward into the uppermost Pleistocene to Holocene section,
indicating that some structural and topographic growth has
occurred in the last 13,000 years. The middle fault (2)
juxtaposes the domain of south-dipping beds to the south with a
zone of less reflective north-dipping beds and represents a
faulted anticline axis. The northern fault (3) occurs within the
north limb of this fold, truncates and warps reflections on its
trace, and forms a boundary between the less reflective horizon
to the south and a panel of more continuous higher amplitude
reflections to the north. Dips north of this fault are about 10°—
15° in the uppermost Tertiary section and about 5°-8° in the
middle part of the uppermost Pliocene(?) to Pleistocene sec-
tion. A small positive aeromagnetic anomaly is associated with
the fault zone on this profile (figs. 3. 18A).

The companion higher frequency profile (fig. 19) provides
additional details from the uppermost part of the section. On
this profile, the inferred postglacial uppermost Pleistocene to
Holocene section is represented by relatively continuous, high-
amplitude, high-frequency, parallel reflections; the underlying
Pleistocene section is characterized by nonreflective or low-
amplitude, discontinuous reflections. The southern strand of the
Devils Mountain fault (1 in fig. 18) appears as two splays (1A,
1B). These faults truncate and warp reflections in the upper part
of the uppermost Pliocene(?) to Pleistocene section (at =170 ms)
and warp but do not obviously cut the uppermost Pleistocene to
Holocene section. Fault 1B forms the boundary between paral-
lel reflections on the south and a region of warped reflections
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(dips as much as 8°) and diffractions on the north. The middle
fault (2) is not obvious—its location in figure 19 is based on the
companion airgun profile (fig. 18). The inferred postglacial
uppermost Pleistocene to Holocene section between faults 2 and
3 to the north is very gently warped. Fault 3 truncates and warps
the upper part of the uppermost Pliocene(?) to Pleistocene sec-
tion and cuts the lower and middle parts of the inferred postgla-
cial section to within about 67 m of the seafloor (above the
stratigraphic level shown in fig. 18).

U.S. Geological Survey Line 158

North-trending Line 158 (fig. 20) is located south of south-
western Lopez Island (fig. 5A). The line shows three faults (1, 2,
3) dipping about 45° to 60° to the north (above ~450 ms). This
1,200-m-wide zone of faults is located about 1,000 m north of
the projected westerly trace of the Devils Mountain fault, where
no obvious fault is imaged in the upper =400 m (=450 ms).
Industry Line 2 (fig. 21A, see next section), located 1.5 km to the
west of line 158 (fig. 5), reveals “blind” faulting below about 1
km along the projected fault trace, the basis for mapping the
fault in this area in figure 2. Faults 1, 2, and 3 all extend upward
into the uppermost Pliocene(?) to Pleistocene section, and we
infer about 50-100 m (55110 ms) of structural relief on the
base of this unit within the fault zone. Faults 1 and 2 bound a
panel of steep north-dipping reflections in basement (inferred
Tertiary sedimentary rocks). Fault 3 juxtaposes north- and
south-dipping panels and represents a faulted anticline axis. Far-
ther north, the basement and at least the lower part of the upper-
most Pliocene(?) to Pleistocene section are warped into a series
of gentle anticlines and synclines that have wavelengths of 1-2
km. South of the projection of the Devils Mountain fault, the
contact at the base of the uppermost Pliocene(?) to Pleistocene
section in the Everett basin is picked mainly on the basis of
nearby industry data and is nearly flat. Figure 3 shows that the
Devils Mountain fault zone and the fold belt on its north flank
correlate with low-amplitude aeromagnetic anomalies.

Industry Line 2

North-trending Industry Line 2 (fig. 21) lies about 1 km
west of U.S. Geological Survey Line 158 (fig. 54, B) and pro-
vides a deeper image of structure south of Lopez Island. In con-
trast to the shallower data of figure 20, this profile shows two
north-dipping faults (1, 2) along the projected westerly trace of
the Devils Mountain fault. Each occurs below about 0.5 s,
deeper than the level imaged in figure 20, and neither of these
faults obviously disrupts the Quaternary section. Faults 1 and 2
form the structural boundary between subhorizontal beds in the
Everett basin to the south and gently folded Tertiary and Quater-
nary strata in an uplifted block to the north. This broad bound-
ary is overlain by a gentle aeromagnetic high (figs. 3, 21A4). The
folds on the uplifted northern block are cut by at least one north-
dipping thrust fault (3) overlain by a hanging-wall anticline.
This folded terrane coincides with the southeast portion of a
band of acromagnetic anomalies that extend northwest along the
west coast of San Juan Island (fig. 3).

Geological Survey of Canada Line 15

Geological Survey of Canada Line 15 (fig. 22) extends
southwest of southern Lopez Island into the eastern Strait of
Juan de Fuca (fig. 5C). The southernmost fault identified on
this profile (1) lies on strike with the westerly projection of the
Devils Mountain fault and is inferred to be its main strand. This
structure dips about 50°-55° to the north and juxtaposes sub-
horizontal reflections in Tertiary and uppermost Pliocene(?) to
Pleistocene strata (to the south) and a panel of north-dipping
reflections in correlative beds to the north. The north-dipping
reflections are in turn truncated by another fault (2) about 700
m north of the main strand. Both faults extend upward into the
lower part of the uppermost Pliocene(?) to Pleistocene section,
and fault 1 appears to offset the base of the postglacial upper-
most Pleistocene to Holocene section. South of fault 1, the con-
tact at the base of the uppermost Pliocene(?) to Pleistocene
section is a locally angular unconformity.

About 3,600 m north of the inferred main strand of the
Devils Mountain fault, another north-dipping faalt (3) trun-
cates the south limb of an asymmetric anticline. The fault
extends upward into the Quaternary section, and about 100 m
(110 ms) of structural relief is present on the inferred base of
the uppermost Pliocene(?) to Pleistocene section across the
structure. North of this fault, inferred Tertiary and lower Qua-
ternary strata are gently folded and Tertiary strata are cut by at
least one fault (4).

Ships Line JDF4

SHIPS Line JDF4 (fig. 23) extends south from offshore
southern San Juan Island (fig. 5B). This profile images the Dev-
ils Mountain fault as a north-dipping (=45°-55°?) blind structure
that truncates and juxtaposes different seismic facies in inferred
pre-Quaternary strata. This fault forms the core of an asymmet-
ric anticline that coincides with an aeromagnetic high (figs. 3,
23A). The prominent reflection at the base of the uppermost
Pliocene(?) to Pleistocene section is folded above the fault, but
not ruptured. The dip on the base of this unit on the south limb
of the fold is =11°, and about 400-450 m (450500 ms) of
inferred structural relief is present on this reflection from the
crest of the fold north of the blind fault to the floor of the basin
south of the blind fault. Reflections in inferred uppermost
Pliocene(?) to Pleistocene strata on the south-dipping limb of the
fold dip south and converge toward the anticline axis, suggesting
that they were deposited during fold growth. The aeromagnetic
high at the south end of the profile probably reflects a change in
the lithology of basement rocks, possibly associated with the
northwest extent of the southern Whidbey Island fault (Johnson
and others, 1996).

Industry Line 3

Industry Line 3 (fig. 24) extends south from Rosario Strait
into the eastern Strait of Juan de Fuca (fig. 5C). This profile
images the Devils Mountain fault as a north-dipping structure
(=60°-70°) that truncates the south limb of an asymmetric
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Table 2. Radiocarbon data for samples from northern Whidbey and Camano Islands.

[Laboratory data are from Beta Analytic Inc.]

Sample Radiocarbon Field Radiocarbon 312 Calibrated age
Number  laboratory locality age (“CyrB.P) "“C/“C {o/oo} (calendar year, Material dated Comment
Number (fig. 27) 95.4% confidence)

SJ-98-17 120288 4 >48,480 -25.6 Nal Peat Whidbey Formation north of
Devils Mountain fault.

SJ-98-14 120287 h 1,750+50 -25.8 A.D.210-420 Wood in peat At Rocky Point between
Strawberry Point and
Utsalady Point faults.

5J-99-2 134854 m >44.,000 =279 NA! Peat Whidbey Formation in
Strawberry Point fault zone at
Strawberry Point.

SJ-99-1A 132512 r 21,100£150 -24.9 Nal Organic laminae Nonglacial Olympia beds at
Utsalady Point.

SJ-99-1B 141690 r 15.190+220 -23.6 17.435-18,985 B.P.  Organic laminae Nonglacial Olympia beds at
Utsalady Point.

SJ-00-1 144555 c >40,130 -28.2 NA! Peat Whidbey Formation north of
Devils Mountain fault.

SJ-00-7 144556 a >43.510 -26.9 NAl! Wood in peat Whidbey Formation south of
Devils Mountain fault.

SJ-00-11 144557 i >44.320 -25.6 NA! Peat Whidbey Formation south of
Strawberry Point fault zone at
Strawberry Point.

SJ-00-12 144558 )i 29.270+340 -27.6 NA! Peat Olympia beds south of
Strawberry Point fault zone at
Strawberry Point.

SJ-00-13 144559 k 25.770£310 -28.4 Nal Peat Olympia beds south of
Strawberry Point fault zone at
Strawberry Point.

SJ-00-14 144554 n 44.740+910 -28.9 NA! Detrital wood Whidbey Formation in
Strawberry Point fault zone
at Strawberry Point; young age
suggests probable contamination.

SJ-00-48 147710 i 37,190+550 -25.8 NA! Detrital wood ~ Basal Olympia beds south of

Strawberry Point fault zone
at Strawberry Point.

'NA, not applicable.

units of interbedded “hardpan” (the term drillers use for dense
clay-rich diamict), gravel, and sand interpreted as glacial drift.
The Whidbey Formation predates both the Possession and
Vashon Drifts, whereas the younger nonglacial Olympia beds
predate only the Vashon Drift (fig. 6). At ¢, the Whidbey For-
mation is overlain by crudely stratified gravel assigned to the
Possession Drift and interbedded sand (parallel bedded and
crossbedded) and silt assigned to the nonglacial Olympia beds
(fig. 6).

3. Peat from these strata is too old (> 48,480 “C yr B.P.) to
yield reliable radiocarbon ages (table 2), consistent with previ-
ous dating results from the Whidbey Formation (Blunt and oth-
ers, 1987). In addition to the dates reported here, J.D.
Dragovich (written commun., 2000) obtained four radiocarbon
dates from the same unit at four localities within 2.5 km north of
location ¢ (fig. 27) along Whidbey Island’s northeast coast. Two
dates from wood samples similarly yielded infinite ages
(>43,790 *C and >37,100 *C yr B.P.), whereas an organic silty
sand sample yielded a finite age of 41,380+2,150 M*C yr B.P. and
organic material in silt yielded a finite age of 40,590+530 “C yr

B.P. These two finite ages from organic sediment are very close
to the practical limit of radiocarbon dating, and they may have
been contaminated by minute amounts of younger carbon.

Subsurface Data

East-west stratigraphic correlation diagrams on the north
and south sides of the inferred trace of the Devils Mountain fault
on northern Whidbey Island (locations, figs. 27, 28) are shown
in figure 30. The diagram north of the fault includes 19 wells
within 1.4 km of the inferred fault trace and one surface outcrop
(figs. 29, 30A). Stratigraphic units inferred on the correlation
diagram include pre-Whidbey Formation Pleistocene deposits,
the Whidbey Formation, Possession Drift, Olympia beds, Esper-
ance Sand Member, main body of Vashon Drift, and Everson
Drift (fig. 6). Lateral stratigraphic variation across this diagram
probably reflects irregular scour and fill associated with the Pos-
session and Vashon glaciations, and possible faulting within the
block north of the Devils Mountain fault (fig. 84), but it may
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also reflect incorrect stratigraphic correlation. Interpretations
on the correlation diagram south of the Devils Mountain fault
(fig. 30B), which includes data from 27 wells and one outcrop
proximal to the inferred fault trace, suggest greater lateral strati-
graphic continuity.

The stratigraphic correlation diagrams (fig. 304, B) were
generated to provide constraints on vertical offset across the
Devils Mountain fault. In this regard, lateral variability and
potentially uncertain correlation of units above the Whidbey
Formation make their utility as deformation markers problem-
atic. The top of the interglacial Whidbey Formation is inferred
to provide the most useful datum for the following reasons:

1. The top of the Whidbey Formation is a distinct contact
in both outcrops (for example, Easterbrook, 1968) and subsur-
face data (fig. 30), generally characterized by an abrupt upward
transition from interbedded sand, silt, clay, and peat to overlying
interbedded gravel, sand, and “hardpan.”

2. The Whidbey Formation is relatively thick and wide-
spread on Whidbey Island (Easterbrook, 1968), and is present in
every well that reaches its stratigraphic level. This occurrence
reflects its deposition during a period of relatively high sea level
(marine isotope stage 5; Muhs and others, 1994; Pillans and oth-
ers, 1998), a condition which generates significant stratigraphic
“accommodation space” (Jervey, 1988; Posamentier and others,
1988) in which sediments can accumulate and have high poten-
tial for preservation in the stratigraphic record. In contrast,
younger (marine isotope stage 3) nonglacial Olympia beds
(fig. 6) are absent (due to nondeposition or erosion) in several
wells and in most outcrops on Whidbey Island. Sea level at this
time was much lower than at present and in stage 5 (Pillans and
others, 1998), significantly limiting both stratigraphic accom-
modation space and preservation potential.

3. As an alluvial-plain deposit, the top of the Whidbey For-
mation was a nearly horizontal surface across northern Whidbey
Island following deposition. At the end of Whidbey deposition,
paleo-relief on this surface in local areas like this small part of
northern Whidbey Island would have been at most a few meters,
reflecting erosion and deposition associated with fluvial chan-
nels and levees. Modern alluvial-delta plains of the Puget Low-
land (such as the Skagit delta a few kilometers east of Whidbey
Island) provide a useful analog.

4. In both correlation diagrams, the top of the Whidbey
Formation is interpreted as a gently undulating though relatively
horizontal surface; thus erosion into the Whidbey Formation by
advance outwash facies of the Possession Drift appears to have
been fairly limited and (or) uniform across this small area of
northern Whidbey Island. Widespread preservation of this rela-
tively horizontal surface in areas not within fault zones on north-
ern Whidbey Island is documented by two stratigraphic
diagrams in Easterbrook (1968; his fig. 15 and plate 1-B) from
the coastal bluffs south of Swantown (d7 and d2 in fig. 27).
These correlation diagrams show the top of the Whidbey
Formation as a nearly horizontal surface for 4.6 km (elevation of
17 m) and 3.5 km (elevation of 10 m) of continuous exposure.
However, elsewhere (such as fin fig. 27), there is locally as
much as 20 m of erosional relief on the top of the Whidbey
Formation.

On the northern correlation diagram (fig. 304), our
interpretation is that the top of the Whidbey Formation was

penetrated by 14 wells for which it has a maximum elevation
of 38.4 m and a mean elevation of 26.6+5.8 m. On the south-
ern correlation diagram (fig. 30B), our interpretation is that the
top of the Whidbey Formation was penetrated by 16 wells for
which it has a maximum elevation of 26.9 m and a mean ele-
vation of 14.7£6.0 m. The elevation south of the Devils
Mountain fault is similar to that observed in outcrops south of
Swantown (d7 in fig. 27; Easterbrook, 1968), whereas this
contact is much higher north of the Devils Mountain fault.
The difference between the maximum and mean elevations on
the two correlation diagrams is 11.5 m and 11.9 m, respec-
tively. The mean and standard deviation of the sum and differ-
ence of the mean depths (Spiegel, 1961) is 11.9 m+8.3 m. If
one assumes that the amount of erosional relief on this datum
is similar north and south of the projected fault trace, then
these values provide a rough estimate for the amount of verti-
cal separation along the Devils Mountain fault since deposi-
tion of the top of the Whidbey Formation.

Strawberry Point Fault

West Coast of Whidbey Island

There are no exposures where the trace of the Strawberry
Point fault projects onto the west coast of Whidbey Island, about
1 km north of Rocky Point (figs. 27, 28). North of the projected
trace, no exposures exist for several kilometers. Within about 1
km south of the inferred fault trace, Pleistocene glacial deposits
occur in discontinuous bluff exposures, and pre-Tertiary bed-
rock and Holocene peat crop out at beach level at Rocky Point
(gin fig. 27). The bedrock consists of Upper Cretaceous
graywacke, argillite, greenstone, and chert (Whetten and others,
1988) and is extensively faulted and foliated. These rocks have
surprisingly low bulk magnetic susceptibility—0.53x10 (SIU)
based on 30 in-place measurements—and form a distinct and
continuous west-northwest-trending aeromagnetic low over
Rocky Point (fig. 3). In contrast, Quaternary deposits that crop
out adjacent to bedrock exposures yield susceptibilities that are
roughly an order of magnitude higher.

Pleistocene strata (2 to 15-20 m thick) that overlie the bed-
rock at g (fig. 27) consist of horizontal to very gently dipping
(0°-2°) Everson Drift (fig. 6) that yielded a “C date on shells of
13,595+145 “C yr B.P. (Pessl and others, 1989). Older Pleis-
tocene strata, more than 450 m thick elsewhere on northern
Whidbey TIsland (as in well 101, fig. 28, table 1), are absent at
this locality.

A woody peat is exposed south of the inferred fault trace at
locality h (fig. 27) for about 200 m along the beach at very low
tides (<40 cm below mean low low water). A fragment of tree
branch (2 cm diameter) from this peat yielded a “C date of
1,750+/-50 *C yr B.P. (§8J-98-14; table 2). This peat includes
rhizomes of either seacoast bulrush (Scirpus maritimus) or hard-
stem bulrush (Scirpus acutus), both of which generally occur in
the middle and upper parts of brackish or salt marshes (elevation
>tide of 100 cm) (Cooke, 1997). The presence of these rhi-
zomes is consistent with a relative sea-level rise of about 1.5 to 3
m since about 1.7 ka at this locality. This rise supports regional
investigations (for example, Clague and others, 1982; Eronen
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The cumulative vertical slip rate on the four splays of the
Strawberry Point fault at Strawberry Point is thus inferred to be
a minimum of about 0.25 mm/yr, but larger rates are proba-
ble. The cumulative shortening rate recorded by folded strata
within and adjacent to the fault zone is a minimum of about
0.35 mm/yr.

Folding in outcrops within and adjacent to the Strawberry
Point fault zone at Strawberry Point indicate contractional defor-
mation that, together with the reversal of the sense of vertical
offset in the zone across Whidbey Island, strongly suggests the
Strawberry Point fault is an oblique-slip transpressional fault
(Christie-Blick and Biddle, 1985). Regional fault geometry (see
“Fault Mapping, Style, and Rates of Deformation”—*“Devils
Mountain Fault”) suggests left-lateral displacement, but we have
not identified piercing points that could be used to quantify the
sense, amount, and rate of inferred lateral slip.

Utsalady Point Fault

Seismic-reflection profiles and local onshore geology sug-
gest that the northwest-trending Utsalady Point fault is continu-
ous from the eastern Strait of Juan de Fuca across Whidbey
Island, Saratoga Passage, and Camano Island, a minimum dis-
tance of 28 km (fig. 2). East of Whidbey Island, the projection of
the Utsalady Point fault zone coincides with the southern margin
of a low-amplitude acromagnetic high (fig. 3; Blakely and oth-
ers, 1999b). This anomaly extends at least 25 km southeast of
Utsalady Point, suggesting that the fault may have a length of 50
km or more.

The Utsalady Point fault occurs as one discrete subvertical
structure with north-side-up offset west of Whidbey Island (figs.
2,10, 13, 27, 28). We infer about 200-300 m of vertical relief
across the fault at the base of the Quaternary section on two seis-
mic-reflection profiles (figs. 10, 13) in this area. Assuming a max-
imum age of 2 Ma for this contact (see section, “Identification and
Age of the Base of the Uppermost Pliocene(?) to Pleistocene Sec-
tion”), this displacement yields a minimum vertical slip rate for
the Quaternary of about 0.10-0.15 mm/yr (fig. 37). Onshore
western Whidbey Island, subsurface data (fig. 33) indicate more
than 300 m of relief on the base of the Quaternary, yielding a min-
imum vertical slip rate of 0.15 mm/yr since about 2 Ma.

Seismic-reflection data from Saratoga Passage (fig. 9) east
of Whidbey Island represent the fault as a broad (=1.5 km) zone
comprising several splays, on which significant vertical offset on
the base of the Quaternary is not obvious. Camano Island
onshore data (figs. 34—37) suggest that the southernmost splay in
the zone has north-side-down offset, and therefore that the sense
of vertical displacement changes along the strike of the fault.
This along-strike variation, together with the evidence for con-
tractional deformation in the fault zone (folding of =21 ka beds;
figs. 34, 35), suggests that the Utsalady Point fault is also an
oblique-slip transpressional structure (Christie-Blick and Biddle,
1985). As discussed (see “Fault Mapping, Style and Rates of
Deformation”—"“Devils Mountain Fault™), regional fault geome-
try suggests left-lateral displacement, but we know of no pierc-
ing points that can be used to quantify the sense, amount, and
rate of inferred lateral slip.

Subsurface data from Camano Island (fig. 37) do not pro-
vide sufficient information on the top of the Whidbey Formation
for it to be an effective marker in constraining vertical offset
along the Utsalady Point fault. As noted previously (“Evidence
for Faulting Onshore, Whidbey and Camano Islands™), the top of
the Olympia beds is significantly higher on the south side of the
southern splay in the zone, but its elevation appears to drop to
the north approaching this splay, and this datum is only 11 m
higher on the south than to the north in the two wells (106, 107)
closest to the splay. Moreover, seismic-reflection data (fig. 9) do
not show obvious south-side-up offset, and considerable ero-
sional relief occurs on the top of the Olympia beds on Whidbey
Island and elsewhere in the Puget Lowland (Troost, 1999,
among others). Regardless of uncertainties concerning strati-
graphic correlation and vertical slip rate in the Camano Island
region, outcrops at Utsalady Point indicate significant post-20 ka
deformation in the Utsalady Point fault zone. The folded strata
at Utsalady Point record a minimum uplift rate of 0.81 mm/yr
and a shortening rate of 0.17 mm/yr.

Discussion

The geometry of structures in the eastern Strait of Juan de
Fuca-northern Puget Lowland region suggests that the Devils
Mountain fault is a transpressional, left-lateral, oblique-slip
“master fault,” and that the Strawberry Point fault and Utsalady
Point faults are probably en-echelon structures. This deforma-
tion may be driven by stress associated with convergence along
the continental margin. GPS data from this region (Dragert and
Hyndman, 1995; Khazaradze and others, 1999) indicate that this
stress produces significant east-northeast-directed crustal strain
subparallel to the plate convergence vector. The larger part of
this strain is thought to be elastic, recoverable following a large
plate-boundary earthquake. A smaller component might result
in inelastic crustal faulting and folding. In this setting, left-lat-
eral slip would be favored on east-west-trending structures such
as the Devils Mountain fault.

Although there are no obvious piercing points in available
data that can be used to quantify the amount and rate of lateral
slip across this zone, regional geology provides possible con-
straints. Whetten (1978) suggested about 60 km of left-lateral
slip on the Devils Mountain fault based on offset of the Trafton
sequence, a distinctive Mesozoic melange unit (part of the east-
ern melange belt of Tabor, 1994), using piercing points in the
San Juan Islands north of the fault and Cascade Range foothills
south of the fault. This potential piercing point is suspect
because many workers (such as Whetten and others, 1980; Bran-
don and others, 1988; Tabor, 1994) have shown that the Trafton
unit occurs within a stack of thrust sheets that might have had
greater lateral extent than present exposures demonstrate. Also,
this unit could occur farther west than present exposures reveal
on the south side of the fault in the subsurface of the Everett
basin. This possible piercing point does, however, probably
reveal the maximum amount of left-lateral slip possible across
the zone.

The first obvious record of movement along the Devils
Mountain fault dates from about 40 Ma, when coarse (clasts as
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large as 1 m) alluvial-fan conglomerate of the rocks of Bulson
Creek was deposited adjacent to the fault in the Everett basin
(Marcus, 1980; Whetten and others, 1988). These conglomer-
ates include silicic volcanic clasts that are petrographically simi-
lar to Eocene ash-flow tuff units that crop out north of the fault,
apparently limiting the amount of post-40 Ma left-lateral slip to
less than about 30 km. Making the highly questionable assump-
tions that (1) the rate of left-lateral slip has been constant over
the last 40 m.y. and (2) 30 km is the maximum amount of left
slip possible across the structure yields a maximum lateral slip
rate of 0.75 mm/yr over this time period. There are no similar
questionable constraints for the possible amount of lateral slip
across the Strawberry Point and Utsalady Point faults.

Vertical slip rates on the Strawberry Point and Utsalady
Point faults appear comparable to or higher than those on the
Devils Mountain fault (fig. 37), the structure that regional fault
geometry suggests has been the “master fault” within the sys-
tem. These rates and the evidence for post-80 ka deformation
from outcrops at Strawberry Point and Utsalady Point (figs. 31,
35) may indicate that fault kinematics have changed or are in a
transitional period in which local deformation has most recently
been concentrated on the Strawberry Point and Utsalady Point
faults rather than the Devils Mountain fault. Such changes are
common within complex strike-slip fault systems (Christie-
Blick and Biddle, 1985) and are not surprising. The map geom-
etry of the Strawberry Point and Utsalady Point faults also
indicates that they may be connected at depth and represent
components of a large transpressional flower structure (Harding
and others, 1983; Christie-Blick and Biddle, 1985).

Given the evidence for left-lateral slip on the Devils Moun-
tain, Strawberry Point, and Utsalady Point faults, we believe that
deformation along the northwest-trending southern Whidbey
Island fault to the south in the eastern Strait of Juan de Fuca
region (fig. 1) is mainly contractional. This interpretation is con-
sistent with seismic-reflection data from the eastern Strait of
Juan de Fuca presented in Johnson and others (1996, their fig. 5),
who showed this structure as a zone of thrust faults. Johnson
and others (1996) previously suggested a component of right-lat-
eral slip on the southern Whidbey Island fault because it forms a
part of the crustal boundary on the east and northeast flank of the
north-moving Coast Range block. Right-lateral slip on this
crustal boundary is required farther to the south.

Determining the rate of lateral slip across the structural
zone comprising the Devils Mountain, Strawberry Point, and
Utsalady Point faults is thus an important problem left unre-
solved by this investigation. The difficulty in constraining lateral
slip across this structural zone in large part reflects the recent
glacial and post-glacial (=20 ka) age of the landscape. Land-
forms of tectonic origin (such as scarps, pressure ridges, ter-
races, or offset drainages) have been eroded or filled in by
repeated pulses of glacial erosion and deposition so that, to a
large degree, only landforms generated during or after the last
glaciation are evident. Given the rates described previously and
the relatively friable nature of many glacial deposits, post-glacial
landforms may be subtle and have limited preservation potential.

New high-resolution topographic and bathymetric imag-
ing tools may provide the best opportunity for identification
of tectonic landforms in this landscape. For example, Buck-
nam and others (1999) and Nelson and others (1999) used a

high-resolution airborne laser terrane mapping survey to iden-
tify a post-glacial scarp in a dense forest in the Seattle fault
zone. New multibeam bathymetric surveys from offshore
California (Bohannon and others, 1998, among others) have
shown many tectonic features and offsets associated with
strike-slip faulting in the seafloor, and such surveys could
have similar value in the eastern Strait of Juan de Fuca.

Earthquake Hazards

Earthquake Occurrence

The historic earthquake record and recorded seismicity sup-
port the interpretation that this region is seismically active. The
historic record extends back to about 1850 but is of variable
quality until about 1929 (Ludwin and Qamar, 1995); accurate
recording of regional earthquakes began in 1969 when the
Pacific Northwest Seismograph Network was installed. It is
noteworthy that Victoria (fig. 1) felt a cluster of at least 14 earth-
quakes between 1859 and 1870 with two having a Mercalli Mag-
nitude Index of V1. The source of these earthquakes is unknown,
but they might be associated with the nearby Devils Mountain
fault.

Recorded crustal earthquakes in the study area with magni-
tude (M) larger than 2.5 are shown in figure 2. Between Haro
Strait and Lake Cavanaugh (figs. 1, 2), these earthquakes and
smaller events have clustered at depths of 12-20 km along a 50°
N. dip projection from the surface trace of the Devils Mountain
fault (Stanley and others, 1999). If these events are associated
with the Devils Mountain fault, then its north dip imaged by
seismic-reflection data decreases slightly with depth. It seems
equally likely, however, that these events are associated with the
northwest-trending folds and faults here considered to be related
to the Devils Mountain fault.

Although fewer earthquakes have been recorded south of
the Devils Mountain fault in the study area, at least four events
(M>2.5) may correlate with the Utsalady Point or Strawberry
Point faults (fig. 2). One M=5.0 event (1/26/1957) occurred
beneath Oak Harbor within the Utsalady Point fault zone; a
second M=5.0 event (1/28/1945) has been located near a pro-
jection of the Utsalady Point fault zone a few kilometers east
of Camano Island. Relevant smaller events include a M=3.3
(11/1/2000) earthquake that occurred adjacent to the Utsalady
Point zone at Strawberry Point and a M=3.5 event (3/13/1992)
that occurred in the eastern Strait of Juan de Fuca close to the
location where the Strawberry Point and Utsalady Point faults
converge and terminate.

Significance for Earthquake Hazards

Geologic and geophysical data indicate that the Devils
Mountain fault and the newly recognized Strawberry Point and
Utsalady Point faults are active structures that represent potential
earthquake sources. Critical source parameters that contribute to
earthquake hazard assessment include fault location, length, slip
rate, and recurrence interval of large earthquakes (Wells and
Coppersmith, 1994; Frankel and others, 1996). Figures 2, 27,
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and 28 show the locations of these faults in the eastern Strait of
Juan de Fuca and ncrthern Puget Lowland. Large earthquakes
generated in this source zone could affect broad areas and large
populations in the Puget and Fraser Lowlands and on southern
Vancouver Island. Urban centers proximal to the fault zone
include Victoria (<5 km from the potential earthquake source),
Everett (40 km), Bellingham (45 km), Seattle (75 km), and Van-
couver (75 km) (fig. 1). Moreover, significant parts of this
region are underlain by large deltas and sedimentary basins,
areas that are particularly prone to strong ground motion.

Using the relationship between rupture length and moment
magnitude (M) defined by Wells and Coppersmith (1994) and
assuming that the entire mapped length of the Devils Mountain
fault (=125 km) could rupture in one event, an earthquake of
M=7.5 could be generated on this structure. This investigation
recognized two possible segment boundaries on the Devils
Mountain fault that might limit rupture during a large earth-
quake; however, no data are available to test this segmentation
hypothesis.

Based on their minimum lengths (=22-28 km), earth-
quakes of M=6.7 could occur on the Strawberry Point and
Utsalady Point faults. Each of these faults breaks into several
splays east of Whidbey Island (figs. 27, 28), but this bifurca-
tion is unlikely to limit earthquake rupture—it should be
assumed that one or more of these splays merges with a single
trace of each fault at depth. The Strawberry Point and Utsal-
ady Point faults might also connect at depth, a scenario in
which surface deformation could occur along each fault in the
same earthquake.

Because incorporating slip rates on faults is an important
component of seismic hazard assessment and mapping (Frankel
and others, 1996, arong others), we presented and explained
our best information for each fault (fig. 38). We consider these
variably speculative rates as starting points and expect that they
will be refined and modified in the future as more data accumu-
late. As stressed previously (“Fault Mapping, Style, and Rates
of Deformation”), determining slip rates across the zone is
problematic because (1) data constrain only the vertical compo-
nent of slip on oblique-slip faults, and (2) both the sense of ver-
tical slip and the vertical slip rate vary along the strike of the
Strawberry Point and Utsalady Point faults. Our best estimate
for vertical slip on the Devils Mountain fault is 0.05-0.31 mm/
yr (fig. 38). We suspect that the lateral component of slip may
be larger, but probably no more than about 0.75 mm/yr based on
regional geologic considerations. We think reasonable mini-
mum vertical slip rates for both the Strawberry Point and Utsal-
ady Point faults are about 0.2 mm/yr and that field evidence for
contractional deformation suggests an additional significant lat-
eral component of slip. Thus, the cumulative slip rate on the
three main faults of this complex northern Puget Lowland struc-
tural zone probably exceeds 0.5 mm/yr and could be much
larger. By comparison, Johnson and others (1999) suggested
about 0.7-1.1 mm/yr of slip on faults of the Seattle fault zone.

Paleoseismolozical investigations of the Devils Mountain
fault, Strawberry Point, and Utsalady Point faults are lacking;
hence no information exists on earthquake recurrence interval.
Williams and Hutchinson (2000) reported evidence for four late
Holocene tsunami deposits from a marsh near Swantown on the
northwest coast of Whidbey Island (fig. 27). The overlap in age

between the two youngest deposits (1,160-1,350 and 1,400-
1,700 “C yr B.P.) and inferred great earthquakes at the Cascadia
plate boundary, about 250 km to the west, suggests that they
were emplaced by tsunamis from this source area. The two older
layers (1,810-2,060 and 1,830-2,020 “C yr B.P.) do not corre-
late with plate boundary events and may be products of earth-
quakes on local faults in the eastern Strait of Juan de Fuca, such
as the Devils Mountain, Strawberry Point, and Utsalady Point
faults. In another investigation, Bourgeois and Johnson (2001)
found evidence of three liquefaction events in post A.D. 900 del-
taic deposits from the Snohomish River delta, 35 km south of the
Devils Mountain fault. One of these events has been correlated
with a strong earthquake on the Seattle fault, but the others have
not been correlated with known events; the Devils Mountain,
Strawberry Point, and Utsalady Point faults are nearby possible
earthquake sources. Thorson (1996) speculated that earthquake
cycles and recurrence intervals for Puget Lowland faults may
have been perturbed during glacial loading and rebound, but this
hypothesis cannot be tested with available data for any fault in
the Puget Lowland.

Conclusions

Marine seismic-reflection surveys, aeromagnetic mapping,
coastal exposures of Pleistocene strata, and lithologic logs of
water wells provide important information for assessing the
active tectonics of the northern Puget Lowland and eastern Strait
of Juan de Fuca region of the Pacific Northwest. These data
indicate that the Devils Mountain fault and the newly recognized
Strawberry Point and Utsalady Point faults are active structures
and represent potential earthquake sources.

The north-dipping (45°-75°) Devils Mountain fault extends
westward for more than 125 km from the Cascade Range foot-
hills to Vancouver Island, where it may merge with the Leech
River and (or) San Juan faults. The Devils Mountain fault is
bounded by northwest-trending en-echelon folds and faults, a
map pattern strongly suggesting that it is a left-lateral, oblique-
slip, transpressional “‘master fault.” Aeromagnetic anomalies
coincide with both the trace of the Devils Mountain fault and en-
echelon structures. Quaternary strata are deformed on nearly all
seismic-reflection profiles, and onshore subsurface data suggest
offset of upper Pleistocene strata.

The west-northwest-trending, subvertical Strawberry Point
fault cuts across northern Whidbey Island and has a minimum
length of 22 km. On the west coast of Whidbey Island and in the
Strait of Juan de Fuca, the fault has south-side-up offset and
forms the northern boundary of an uplift of pre-Tertiary base-
ment rock. The fault bifurcates into a 2-km-wide zone as it
crosses Whidbey Island. A stratigraphic correlation diagram
based on outcrops and water-well logs suggests that each of the
four fault splays within this zone has apparent north-side-up oft-
set. Outcrops at Strawberry Point also indicate considerable
shortening (dips as steep as 45°) in upper Pleistocene strata
between the faults. The vertical fault trace, reversal of offset,
and evidence for associated contractional deformation indicate
that the Strawberry Point fauit is also an oblique-slip, transpres-
sional fault.
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The northwest-trending, subvertical Utsalady Point fault
similarly cuts across northern Whidbey Island and has a mini-
mum length of 28 km. It forms the southern margin of the
uplifted pre-Tertiary basement block on the west coast of Whid-
bey Island, where it has north-side-up offset. Offshore seismic-
reflection data from east of Whidbey Island indicate that it also
bifurcates into a broad (1.5 km) zone of several splays to the
east. Onshore outcrops and subsurface logs from Camano Island
indicate a probable reversal of offset (to south side up) along the
zone; they also reveal both faulting and folding (dips as steep as
24°) in upper Pleistocene strata. As with the Strawberry Point
fault, the vertical fault trace(s), reversal of offset, and evidence
for associated contractional deformation suggest that the Utsal-
ady Point fault is an oblique-slip, transpressional fault.

Collectively, the Devils Mountain, Strawberry Point, and
Utsalady Point faults represent an active complex, distributed,
transpressional deformation zone. The cumulative slip rate on
three main faults of this zone probably exceeds 0.5 mm/yr and
could be much larger.
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Books and Other Publications

Professional Papers report scientific data and interpretations
of lasting scientific interest that cover all facets of USGS
investigations and research.

Bulletins contain significant data and interpretations that are
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hydrology, including hydrogeology, availability of water,
quality of water, and use of water.

Circulars are reports of programmatic or scientific informa-
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software to view the data, and explanatory text.
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or planimetric bases at various scales. They show results of
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tures that are of economic or geologic significance.

Miscellaneous Investigations Series Maps or Geologic Inves-
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depending on the need for current data. The MIS’s are pub-
lished by commodity as well as by State. A series of interna-
tional MIS’s is also available.
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mates covering nonfuel mineral industry data. Data sheets
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ermnment programs, tariffs, and 5-year salient statistics for
more than 90 individual minerals and materials.

The Minerals Yearbook discusses the performance of the
worldwide minerals and materials industry during a calendar
year, and it provides background information to assist in inter-
preting that performance. The Minerals Yearbook consists of
three volumes. Volume I, Metals and Minerals, contains chap-
ters about virtually all metallic and industrial mineral com-
modities important to the U.S. economy. Volume II, Area
Reports: Domestic, contains a chapter on the minerals indus-
try of each of the 50 States and Puerto Rico and the Adminis-
tered Islands. Volume III, Area Reports: International, is
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contain the latest available mineral data on more than 190 for-
eign countries and discuss the importance of minerals to the
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Permanent Catalogs

“Publications of the U.S. Geological Survey, 1879-1961”
and “Publications of the U.S. Geological Survey, 1962—
1970” are available in paperback book form and as a set of
microfiche.

“Publications of the U.S. Geological Survey, 1971-1981" is
available in paperback book form (two volumes, publications
listing and index) and as a set of microfiche.

Annual supplements for 1982, 1983, 1984, 1985, 1986, and
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